Eddington parameter -y, this mission will tests the presently is a Michelson-Morley-type experiment designed to test the viable alternative theories ofgravity, namely the scalar-tensor Einstein's general theory of relativity in the most intense theories. The value ofthe parameter amay hold the key to the gravitational environment available in the solar system -the solution of the most fundamental questions concerning the close proximity to the Sun. By using independent time-series evolution of the universe. In the low energy approximation of highly accurate measurements of the Shapiro time-delay suitable for the solar system, a number of modern theories of (laser ranging accurate to 1 cm) and interferometric astromegravity and cosmology studied as methods for gravity quantitry (accurate to 0.1 picoradian), LATOR will measure gravization or proposed as an explanation to the recent cosmologitational deflection of light by the solar gravity with accuracy cal puzzles, predict measurable contributions to the parameter of 1 part in a billion, a factor -30,000 better than currently a at the level of (1 --y) 10-6 -10-8; detecting this deavailable. LATOR will perform series ofhighly-accurate tests viation is LATOR's primary objective. With the accuracy of of gravitation and cosmology in its search for cosmological one part in 109, this mission could discover a violation or exremnants of scalar field in the solar system. We present scitension of general relativity, and/or reveal the presence of any ence, technology and mission design for the LATOR mission.
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The LATOR test will be performed in the solar gravity field using optical interferometry between two micro-spacecraft. 1 
INTRODUCTION
Precise measurements of the angular position of the spacecraft will be made using a fiber coupled multi-chanelled op-2 SCIENTIFIC MOTIVATION tical interferometer on the ISS with a 100 m baseline. The 3 OVERVIEW OF LATOR primary objective of the LATOR mission will be to measure 4 LATOR OPTICAL DESIGN the gravitational deflection of light by the solar gravity to ac-5 CONCLUSIONS curacy of 0.1 picoradians (prad), which corresponds to -10 picometers (pm) on a 100 m interferometric baseline. A com-6 ACKNOWLEDGEMENTS bination of laser ranging among the spacecraft and direct interferometric measurements will allow LATOR to measure tweenussad beuope wi cenarearaso pre neshib beto modern physics by searching for a cosmologically-evolved tween the corrponding ce age as A pes te scalar field that is predicted by modern theories of gravity and cosmology, and also by superstring and brane-world models. deep space mission components, while access to and optical infrastructure on the ISS would be an ESA contribution. LATOR will also test the cosmologically motivated theories that attempt to explain the small acceleration rate of the UniThis paper is organized as follows Si verse (so-called 'dark energy') via modification of gravity at thoeiafrmwkanscnemtvtonorhepcvery lage, horzon or uper-hoizon ditances.sion gravity tests in the solar system; it also presents the science objectives for the LATOR experiment. Section 3 proBy studying the effect of gravity on light and SiC elements of the current mission and optical designs. Sec-IEEEAC paper # XXX tion 4 addresses design of the LATOR optical receivers and parameters Q, -y, are post-Newtonian terms. The term multithe long-baseline optical interferometer. Section 5 presents plied by the post-post-Newtonian parameter d also enters the conclusions and discusses the next steps that will be taken in calculation of the relativistic light deflection [7] . the development of LATOR.
This PPN expansion serves as a useful framework to test rel-2. SCIENTIFIC MOTIVATION ativistic gravitation in the context of the LATOR mission. In the special case, when only two PPN parameters (y, Q) are The recent remarkable progress in observational cosmology conspid , thse, parameters hvcerpsa m an has again submitted general relativity to a test by suggesting a non-Einsteinian model of universe's evolution. From
Parameter a represents the measure of the curvature of the the theoretical standpoint, the challenge is even stronger if space-time created by a unit rest mass; parameter Q is a meathe gravitational field is to be quantized, the general theory sure of the non-linearity of the law of superposition of the of relativity will have to be modified. This is why the regravitational fields in the theory of gravity. General relativcent advances in the scalar-tensor extensions of gravity, that ity, which corresponds to ' 1, is thus embedded in a are consistent with the current inflationary model of the Big two-dimensional space of theories. The Brans-Dicke is the best known theory among the alternative theories of gravity. high-accuracy gravitational tests. We will also present the 1 (1--y). This is why measurement of the first order light de- ensemble of experiments will determine the unique value for flection effect at the level of accuracy comparable with the these parameters, and hence the metric field, itself.
second-order contribution would provide the crucial information separating alternative scalar-tensor theories of gravity
In locally Lorentz-invariant theories the expansion ofthe metfrom general relativity [4] and also to probe possible ways for ric field for a single, slowly-rotating gravitational source in gravity quantization and to test modern theories of cosmolog-PPN coordinates is given by: ical evolution [13], [14] , [15] , [16] , [17] , [18] . The LATOR M M2 mission is designed to directly address this issue with an ungoo = 1 2-Q(r, 0) + 2 3I + O(c-6), precedented accuracy. Ir2
Over the recent decade, the technology has advanced to the r3 point that one can consider carrying out direct tests in a weak --d-+ 2y-Q(r 0J) + _ +(C6) field to second order in the field strength parameter (cx G2).
[i L 7r 2 r2 + C6, Although any measured anomalies in first or second order metric gravity potentials will not determine strong field gravity, they would signal that modifications in the strong field where M and J being the mass and angular momentum of domain will exist. The converse is perhaps more interesting:
the Sun, Q (r,O0) =1 -2 j2 3 cs201, with J2 being the ifto high precision no anomalies are found in the lowest order quadrupole moment of the Sun and R being its radius. r is metric potentials, and this is reinforced by finding no anomathe distance between the observer and the center of the Sun.
lies at the next order, then it follows that any anomalies in Q, ', d are the PPN parameters and in general relativity they the strong gravity environment are correspondingly quenched are all equal to 1. The M/r term in the 900 equation is the Newtonian limit; the terms multiplied by the post-Newtonian under all but exceptional circumstances.1 and a higher age, (Hoto) 1. If this is indeed the case, the level (1 --y) 10-6 -10-7 would be the lower bound for
We shall now discuss the recent motivations for the precision the present value of PPN parameter a [13], [14] . gravity experiments.
More recently, [17] , [18] [20] ) [17] , [18] found that the route to the quantization of gravity and the unification of present value of (1 --y) could [17] , [18] of the cosmic microwave background [21] , the masses of large-scale structures [22] , and the luminosity distances of Under some assumptions (see e.g. [13] , [14] 1For example, a mechanism of a "spontaneous-scalarization" that, under combined with cold dark matter, predictions for large-scale certain circumstances, may exist in tensor-scalar theories [19] .
structure formation in good agreement with data from galaxy lines of sight pass close by the Sun and also a long-baseline surveys. Combined with the fact that scalar field models stellar optical interferometer (placed above the Earth's atmoimprint distinctive signature on the cosmic microwave backsphere) to accurately measure deflection of light by the solar ground (CMB) anisotropy, they remain currently viable and gravitational field in the extreme proximity to the Sun [1]. should be testable in the near future. This completely unex- Figure 1 shows the general concept for the LATOR missions pected discovery demonstrates the importance of testing the including the mission-related geometry, experiment details important ideas about the nature of gravity. and required accuracies.
There is now multiple evidence indicating that 7000 of the Science with LATOR critical density of the universe is in the form of a "negative- [20] and other CMB experiments [26] , ments of the gravitational deflection of light in the immediate [27] . Cosmic speed-up can be accommodated within general proximity to the Sun along with measurements of the Shapiro relativity by invoking a mysterious cosmic fluid with large time delay on the interplanetary scales (to a precision respecnegative pressure, dubbed dark energy. The simplest possi-tively better than 10-13 rad and 1 cm). Such a combination bility for dark energy is a cosmological constant; unfortuof observables is unique and enables LATOR to significantl nately, the smallest estimates for its value are 55 orders of q g y . magnitude too large (for reviews see [28] , [29] [28] , [29] , [30] [4] , [33] , [34] , [35] , [36] , [37] . The relativistic frame- [30] were shown to predict an experimentally consistent uni-dragging term'2 is ±0.7 pas, and contribution of the solar verse evolution without the need for dark energy. These dyquadrupole moment, J2, is sized as 0.2 'as (using theoretical namical models are expected to produce measurable contribu-value of the solar quadrupole moment_J2 10-7). The small tion to the parameter a in experiments conducted in the solar system also at the level of 1 -.~-~10-7 -5 x 10-9, thus fur-magnitudes of the effects emphasize the fact that, among the ther motivating the relativistic gravity research. Therefore, four forces of nature, gravitation is the weakest interaction; it t acts at very long distances and controls the large-scale structhe PPN parameter a may be the only key parameter that ..
holds the answer to most of the questions discussed above.
ture ofthe universe, thus, making the precision tests of gravity a very challenging task. Also an anomalous parameter d will most likely be accompanied by a '-y mass' of the Sun which differs from the gravita-
The first order effect of light deflection in the solar gravity tional mass of the Sun and therefore will show up as anomacaused by the solar mass monopole is a, = 1.75 arcseclous -~( see discussion in [32] for the delay of 5 pm which would produce the measurement laboration. The objective is to measure the gravitational deof -to accuracy of t part in I09 (rather than 1 part in 101o), flection of laser light as it passes in extreme proximity to the which would be already a factor of 30,000 accuracy improveSun (see Figure 1 ). To that extent, the long-baseline (-100 ment when compared to the recent Cassini result [8] . Furtherm) fiber-coupled optical interferometer on the ISS will permore, we have targeted an overall measurement accuracy of form differential astrometric measurements of the laser light 5 pm per measurement, which for b = 100 m this translates sources on the two spacecraft as their lines-of-sight pass beto the accuracy of 0.1 prad 0.01 puas. With 4 measurements hind the Sun. As seen from the Earth, the two spacecraft will per observation, this yields an accuracy of -5.8 x 10-9 for be separated by about 10, which will be accomplished by a the first order term. launch. As the spacecraft slows down and moves out toward aphelion, its motion in the sky reverses again, and it is oc-* To provide direct and independent measurement ofthe Edculted by the Sun for the third and final time 21 months after dington PPN parameter Q via gravity effect on light to launch. varies in time during spacecraft passages), which contains the scientific information. This built-in redundant-geometry As a baseline design for the LATOR orbit, both spacecraft optical truss eliminates the need for drag-free spacecraft for will be launched on the same launch vehicle. Almost immehigh-accuracy navigation [1] .
diately after the launch there will be a 30 m/s maneuver that separates the two spacecraft on their 3:2 Earth resonant orThe uniqueness of this mission comes with its geometrically bits (see Figure 2) . The able the straight-line separation between the two transponders using an expanded bandwidth of 300 MHz. In this case, the of -100 m and will provide a clear line-of-site (LOS) path solar background is the dominant source ofnoise, and an SNR between the two transponders during the observation periods.
of 5 is achieved with 1 second integration. Because of the Both transponder packages will have clear LOS to their corresmall field of view of the array, a spiral search will take 30 sponding heliocentric spacecraft during pre-defined measureseconds to cover a 30 arcsec field. Upon acquisition, the sigment periods.
nal will be centered on the quad cell portion of the array and . The transponders will be physically located on the ISS the local oscillator frequency locked to the spacecraft signal. structure to maximize the inherent ISS sun-tracking capabil-
The frequency band will then be narrowed to 5 kHz. In this ity. The transponders will need to point toward the Sun during regime, the solar background is no longer the dominant noise each observing period. By locating these payloads on the ISS source and an SNR of 17.6 can be achieved in only 10 msec of outboard truss segments (P6 and S6 outward), a limited deintegration. This will allow one to have a closed loop pointing gree of automatic Sun-tracking capability is afforded by the bandwidth of greater than 100 Hz and be able to compensate a-gimbals on the ISS.
for the tilt errors introduced by the atmosphere. The laser * The minimum unobstructed LOS time duration between beacon transmitter will then narrow its beam to be diffraction each transponder on the ISS and the transponders and their limited (-1 arcsec) and to point toward the LATOR spacerespective spacecraft will be 58 minutes per the 92 minute craft. This completes the signal acquisition phase, and the orbit of the ISS.
entire architecture is in-lock and transmits scientific signal. * The pointing error of each transponder to its corresponding This procedure is re-established during each 92-minute orbit spacecraft will be no greater than 1 purad for control, 1 purad of the ISS.
for knowledge, with a stability of 0.1 ,urad/sec, provided by a combination of the standard GPS link available on the ISS We shall now consider the basic elements of the LATOR opand ,u-g accelerometers.
tical design.
General Principles ofOptical Design It is important to discuss the sequence of events that will lead to the signal acquisition and that occur during each observa-A single aperture of the interferometer on the ISS consists of tion period (i.e., every orbit of the ISS). This sequence will three 20 cm diameter telescopes (see Figure 4 for a concepbe initiated at the beginning of the experiment period, after tual design). One of the telescopes with a very narrow band-ISS emergence from the Earth's shadow (see Figure 3) vergence, there are enough photons to track the slowly driftdeflection. Advances in optical communications technology, ing phase of the laser light. The remaining part of the laser allow low bandwidth telecommunications with the LATOR power is diverted to another telescope, which points toward spacecraft without having to deploy high gain radio antennae the other spacecraft. In addition to the two transmitting teleneeded to communicate through the solar corona. The use of scopes, each spacecraft has two receiving telescopes. The re-the monochromatic light enables the observation ofthe spaceceiving telescope, which points toward the area near the Sun, craft almost at the limb of the Sun, as seen from the ISS. has laser line filters and a simple knife-edge coronagraph to
The use of narrowband filters, coronagraph optics and hetsuppress the Sun's light to 1 part in 10 4 ofthe light level ofthe erodyne detection will suppress background light to a level light received from the space station. The receiving telescope where the solar background is no longer the dominant noise that points to the other spacecraft is free ofthe Sun light filter source. In addition, the short wavelength allows much more and the coronagraph. efficient links with smaller apertures, thereby eliminating the need for a deployable antenna. Finally, the use of the ISS will In addition to the four telescopes they carry, the spacecraft allow conducting the test above the Earth's atmosphere the also carry a tiny (2.5 cm) telescope with a CCD camera. This major source of astrometric noise for any ground based intertelescope is used to initially point the spacecraft directly toferometer. This fact justifies LATOR as a space mission. ward the Sun so that their signal may be seen at the space station. One more ofthese small telescopes may also be installed 4. LATOR OPTICAL DESIGN at right angles to the first one, to determine the spacecraft attiIn this section we consider the basic elements of the LATOR tude, using known, bright stars. The receiving telescope lookoptical receiver system. While we focus on the optics for ing toward the other spacecraft may be used for this purpose the two spacecraft, the interferometer has essentially similar part of the time, reducing hardware complexity. Star track-.
Xc.tr ers with this construction were demonstrated many years ago o and they are readily available. A small RF transponder with The LATOR Optical Receiver System an omni-directional antenna iS also included in the instrument package to track the spacecraft while they are on their way to The LATOR 100 mm receiver optical system is a part of a assume the orbital position needed for the experiment, proposed experiment. This system is located at each of two separate spacecraft placed on heliocentric orbits, as shown in The LATOR experiment has a number of advantages over Figure 1 . The receiver optical system captures optical comtechniques that use radio waves to measure gravitational light munication signals form a transmitter on the ISS, which orbits the Earth. To support the primary mission objective, this sys-performance of the designed instrument is diffraction limited tem must be able to receive the optical communication signal in both the APD and CCD channels over the specified field of from the uplink system at the ISS that passes through the soview at 1064 nm. The design incorporated the required field lar corona at the immediate proximity of the solar limb (at a stop and Layot stop. A preliminary baffle design has been distance of no more than 5 Airy disks).
developed for controlling the stray light.
Our~~~~r een anlyi of th LATO 10 mm reevrotcl Teotclhuigisetmtdtaevrcomdt systm sucessull saife all the conigraio an peyring} diesos itmaue (0 mx10m 5m) CCD channels point spread functions can be found in [42] , [40] . Figure 6 shows the LATOR preshown in Figures 8 and 9 . liminary baffle design. The out-of-field solar radiation falls on the narrow band pass filter and primary mirror; the scat-LATOR Coronograph tering from these optical surfaces puts some solar radiation
AD11~~~~~~1
In order to have adequate rejection of the solar background into the FOV of the two focal planes. This imposes some resurrounding the laser uplink from Earth, the spacecraft opquirements on the instrument design. Thus, the narrow band tical system must include a coronagraph. Figure 10 shows pass filter and primary mirror optical surfaces must be optia schematic of the coronagraph. A 10 cm telescope forms cally smooth to minimize narrow angle scattering. This may an image on the chronographic stop. This stop consists of a be difficult for the relatively steep parabolic aspheric primary knife-edge mask placed 6 arcseconds beyond the solar limb. mirror surface. However, the field stop will eliminate direct The transmitted light is then reimaged onto a Lyot stop, which out-of-field solar radiation at the two focal planes, but it will light rejection as a function of the distance from the solar limb is shown in Figure 11 . The ling the stray light. In the near future, we plan to perform Figure 11 . Results of coronograph performance simulation.
a stray light analysis which should be performed to optimize the baffle design and calculate the amount of stray light that could be present at each of the two focal planes. This stray nal 12 arcsec from limb) due to coronographic transmission light analysis will take into account the optical smoothness and broadening of the point spread function. At these levels of the band-pass filter and primary mirror surfaces. Narrow of solar rejection, it is possible for the spectral filter to reject angle scattering may be a problem at the two focal planes in enough starlight to acquire the laser beacon. It is interesting the filter and primary mirror are not optically very smooth to note that without the coronograph, the stray light from the and, thus, it requires a more detailed study. Finally, a rigorSun, decreases proportionally to the distance from the limb.
ous signal-to-noise analysis will be performed to validate the In contrast, with the use of the coronograph, the stray light power required to achieve a high signal-to-noise ratio in dedecreases as the square of the distance from the limb. In conducting the signal-to-noise analysis we pay significant The importance of this design is in the fact that it can be apattention to several important factors. In particular, we estiplied for many applications, thus, opening new ways for opmate what fraction of the transmitted signal power captured tical communication, accuracy navigational and fundamental by the 100 mm receiver aperture and analyze the effect of physics experiments. This LATOR-related design experience the Gaussian beam divergence (estimated at -7 ,urad) of the motivates us to think about an architecture that may have a 200 mm transmit aperture on the ISS. Given the fact that the much border uses for the purposes ofprecision navigation and distance between the transmitter and receiver is on the order high data rate transmission and capable to operate at large inof 2 AU, the amount captured is about 2.3 x 10-10 of the terplanetary distance.
transmitted power.
CONCLUSIONS
We also consider the amount of solar disk radiation scattered into the two receiver focal planes. In particular, the surface The LATOR mission aims to carry out a test of the curvature contamination, coating defects, optical roughness and subofthe solar system's gravity field with an accuracy better than strate defects could scatter as much as 1 x 10-4 or more 1 part in 0 In spite of previous space missions exploiting (possibly 1 x 10-3) of the solar energy incident on the re-radio waves for tracking the spacecraft, this mission maniceive aperture into the field of view. These issues are being fests an actual breakthrough in the relativistic gravity expericonsidered in our current analysis. We also study the amount ments as it allow one to take full advantage ofthe optical techof the solar corona spectrum within the receive field of view niques that recently became available. The LATOR experithat is not blocked by the narrow band pass filter. The facment benefits from a number of advantages over techniques tors we consider is the filter's FWHM band-pass is 2 nm, the that use radio waves to study the light propagation in the solar filter will have 4.0 optical density blocking outside the 2 nm vicinity. The use of monochromatic light enables the obserfilter band pass from the X-ray region of 1200 nm; the filter vation of the spacecraft almost at the limb of the Sun, as seen efficiency within the band pass will be about 3500, and the from the 1SS. The use of narrowband filters, coronagraph opdetector is probably sensitive from 300 nm to 1200 nm. tics, and heterodyne detection will suppress background light to a level where the solar background is no longer the domAdditionally, we consider the amount of out-of-field solar rainant noise source. The short wavelength allows much more diation scattered into the focal plane by the optical housing. efficient links with smaller apertures, thereby eliminating the This issue needs to be investigated in a stray light analysis need for a deployable antenna. Advances in optical communiwhich can be used to optimize the baffle design to minimize cations technology allow low bandwidth telecommunications with the LATOR spacecraft without having to deploy high long range interaction in the physical law. With this mission gain radio antennae needed to communicate through the solar testing theory to several orders ofmagnitude higher precision, corona. Finally, the use of the ISS not only makes the test affinding a violation of general relativity or discovering a new fordable, but also allows conducting the experiment above the long range interaction could be one ofthis era's primary steps Earth's atmosphere the major source of astrometric noise forward in fundamental physics. There are no analogs to the for any ground based interferometer. This fact justifies the LATOR experiment; it is unique and is a natural culmination placement of LATOR's interferometer node in space.
of solar system gravity experiments.
The LATOR mission will utilize several technology solutions 6. ACKNOWLEDGEMENTS that recently became available. In particular, signal acquisi-The work described here was carried out at the Jet Propultion on the solar background will be done with a full-aperture (1996) , gr-qc/9602056. general relativity, and/or reveal the presence of an additional
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